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With particular focus on bulk heterojunction solar cells incorporating ZnO nanorods, we study how different
annealing environments (air or Zn environment) and temperatures impact on the photoluminescence response.
Our work gives new insight into the complex defect landscape in ZnO, and it also shows how the different defect
types can be manipulated. We have determined the emission wavelengths for the two main defects which make
up the visible band, the oxygen vacancy emission wavelength at approximately 530 nm and the zinc vacancy
emission wavelength at approximately 630 nm. The precise nature of the defect landscape in the bulk of the
nanorods is found to be unimportant to photovoltaic cell performance although the surface structure is more
critical. Annealing of the nanorods is optimum at 300°C as this is a sufficiently high temperature to decompose
Zn(OH)2 formed at the surface of the nanorods during electrodeposition and sufficiently low to prevent ITO
degradation.
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Bulk heterojunction (BHJ) solar cells based on compo-
sites of electron-donating and electron-accepting organic
semiconductors have high performances, reaching effi-
ciencies of over 8% [1-3]. The incorporation of metal
oxides as blocking layers improves device performance
by imposing charge selectivity at the collecting electrode
as well as by preventing shorting in the devices [4-7].
Other benefits include improving stability of the poly-
mers due to the absorption of UV light [8]. ZnO has
attracted particular interest for hole blocking layers due
to its intrinsic high carrier mobility and ease of proces-
sing in nanostructured form [9-13].
Low-cost manufacturing routes for metal oxides, such
as electrochemical deposition and hydrothermal pro-
cesses, offer realistic scale-up possibilities for low-cost
photovoltaics [14]. In the case of electrodeposition, the
advantages of the simplicity of using aqueous solutions
and the low energy requirement of the deposition
method are balanced against achievement of only mod-
erate crystalline quality. Indeed, post-deposition heat* Correspondence: jld35@cam.ac.uk
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in any medium, provided the original work is ptreatments are necessary to reduce defect concentrations
and to prevent high series resistance in the final photo-
voltaic device. It is well known that the defect chemistry
of ZnO is complex, with a range of oxygen or zinc
defects of varying charges and with concentrations that
are interdependent on each other [15,16]. With particu-
lar relevance to their use in solar cells, it is important to
understand the influence of the defects on photovoltaic
performance. However, despite the wide impact of use of
metal oxides in organic solar cells [17-19], surprisingly
few studies of this nature have so far been undertaken
[20-22]. Herein, we present a detailed study of how dif-
ferent annealing environments influence the defect types
in ZnO nanorods and also how they influence the per-
formance of bulk heterojunction solar cells.Methods
ZnO nanorod growth and annealing
Large-scale ZnO nanorod arrays on ITO glass substrates
were grown by a simple one-step electrodeposition method.
A 1.4 × 1.4 cm2 ITO/glass substrate (Praezisions Glas &
Optik, GmbH, Iserlahn, Germany; 180 nm ITO on float
glass and sheet resistance of ca. 10 Ω/sq.) was used as the
working electrode and a 4-cm2 Pt foil as the counter elec-
trode. A 0.01 M Zn(NO3)2 solution was used. Growth waspen Access article distributed under the terms of the Creative Commons
g/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
roperly cited.
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0.15 mA cm−2 at 85°C.
The morphology of the electrodeposited ZnO depends
on the solution concentration used [23-25]. In order to
obtain nanorods without the need of a seed layer, a solu-
tion of intermediate concentration (0.01 M Zn(NO3)2)
was used, thus simplifying the device fabrication.The
arrays obtained with this concentration are sufficiently
dense to ensure that short circuiting in the solar cell devices
is prevented. During electrodepositon, a Zn(OH)2 film seed
layer is initially obtained. Once this layer is formed, nanor-
ods form by decomposition of this Zn(OH)2 with nucle-
ation believed to occur after hydroxide dehydration [26]. At
the end of electrodeposition, a ZnO nanorod array is
obtained, with Zn(OH)2 being present at the surface of the
nanorods.
Post-annealing studies were performed on the as-
deposited nanorod arrays at either 100°C, 200°C, 300°C,
400°C, or 500°C for 4 h with heating and cooling rates of
1°C min−1 and 3°C min−1, respectively.
The annealing atmosphere was either pure air or air satu-
rated with Zn vapor (formed by wrapping Zn foil around
the samples). Annealing in these different atmospheres was
performed with the aim of differentiating between the influ-
ences of oxygen vacancies and Zn-related defects [27,28]
on BHJ cell performance. It is well known that Zn anneal-
ing can change either the Zn interstitial and/or Zn vacancy
concentration, depending on the form of the starting ZnO
material and hence the initial defect landscape and also on
the presence of H and N impurities [16,29].
ZnO characterization
To assess defect types and concentrations, PL measure-
ments were performed at room temperature with an
ACCENT RPM 2000 compound semiconductor PL system
equipped with a Nd:YAG laser of wavelength 266 nm. The
area under the visible band emission was calculated in
order to estimate changes in the defect concentration.
IR measurements were undertaken to determine the
information about the decomposition of Zn(OH)2
present on our nanorod samples. A Bruker 66v IFS spec-
trometer (Brookline, MA, USA) was used with a KBr
beamsplitter, a Globar source, and a DTGS detector.
The arrays were grown on quartz substrates onto which
ITO was sputtered using a K575 Emitech sputter coater
(Ashford, UK), and the samples were analyzed under
vacuum. The data were recorded with an instrumental
resolution of 2 cm−1 and 512 scans.
Electrical measurements of ZnO nanorods (on ITO on
glass) were performed using a two-probe nanomanipula-
tor retrofit inside a JEOL 6701F scanning electron
microscope (Akishima, Tokyo, Japan). Current versus
voltage curves were acquired by making a contact to the
top of a ZnO nanorod with one of the probes, applyinga bias between the probe and the substrate and measur-
ing the current flowing through the rod. The current
and voltage to the probes and the sample were inde-
pendently measured and controlled using an Agilent
B1500A semiconductor device analyser (Santa Clara,
CA, USA). The resistances were determined for several
rods at each temperature and the values averaged. For
the calculation of the resistivities, a rod length of 800
nm was estimated from SEM images (the deviation from
the average being around 5%).
Scanning electron microscopy images were taken using
a LEO VP-1530 field emission scanning electron micro-
scope (Peabody, MA, USA).
Photovoltaic cell processing
ZnO nanorod arrays were incorporated in inverted poly
(3-hexylthiophene):phenyl-C61-butyric acid methyl ester
(P3HT:PCBM) bulk heterojunction cells. Prior to spin
coating of the thin blend, the arrays were annealed in air
in a tubular furnace as described above.
Solar cell measurements
Current density-voltage measurements of all devices were
performed using a Keithley 2636 source meter (Cleveland,
OH, USA) with a custom-made Lab-View program. A
Newport Oriel class A solar simulator (Irvine, CA, USA)
equipped with AM 1.5 G filters calibrated to a silicon refer-
ence diode was used at 100 mW cm−2 intensity. Several
cells were studied.
Figure 1a,b,c shows the scanning electron micrograph
(SEM) images of the ZnO nanorods produced. Uniform
coverage of the ITO/glass substrate with the nanorod
arrays was obtained. The nanorods are 80 to 130 nm in
diameter and ca. 800 nm in length. Figure 1d,e shows
cross-sectional images of the solar cell devices produced
herein, which will be discussed later.
Results and discussion
Firstly, we present the PL data on our samples together
with IR measurements (Figure 2). We then study the
resistivity of the nanorods (Figure 3a) and the photovol-
taic performance of BHJ cells incorporating the differ-
ently annealed nanorods (Figure 3b) in relation to the
findings of Figure 2.
A typical PL spectra of ZnO consists of at least the band-
gap UV peak and a visible band emission [26,30-36]. To aid
clarity, we consider the PL data in two wavelength regions.
The UV peak (300 to 420 nm) is shown in panel A and the
visible band (420 to 700 nm) in panel B.
Photoluminescence UV peak
The UV peak is associated with free-exciton recombin-
ation across the bandgap, its intensity being higher when
there are less recombination traps within the bandgap.
(a) 
10 m 1 m 200 nm 
(c) 
1 m 400 nm 
(d) (e) 
(b) 
Ag 
Blend
ZnO
ITO 
Figure 1 SEM and cross-sectional images. (a) to (c) SEM images of ZnO nanorod arrays deposited on bare ITO. (d) to (e) Cross-sectional
images of ITO/ZnO/P3HT:PCBM/Ag devices.
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as a function of annealing temperature and atmosphere
together with the evolution of peaks in the IR measure-
ments (c).
The as-deposited nanorods have a low UV peak in-
tensity (part a of Figure 2A). This has been attributed
previously to signal quenching from a Zn(OH)2 layer
present on the as-deposited ZnO [30,37,38]. Indeed,
the presence of OH peaks in the IR spectra at ca.
3,550 and 3,580 cm−1 [31,39,40] are very clear (part c
of Figure 2A). After annealing the nanorods at 100°C,
there was no significant change in the UV peak emission
intensity with respect to the un-annealed sample. This is
consistent with the annealing temperature being too low
for the Zn(OH)2 to dehydrate to ZnO.
From 100°C to 200°C, the UV peak increases in in-
tensity (parts a and b of Figure 2A). This is in agree-
ment with the IR spectra (part c of Figure 2A) which
shows the Zn(OH)2 gradually decomposing to ZnO +
H2O until the peaks are no longer visible by approxi-
mately 160°C, the reported decomposition temperature
of Zn(OH)2 [41]. Note that the removal of water from
the sample is observed clearly as a reduction in the
background hump in part c of Figure 2A.
From 200°C to 300°C, the PL peak intensity continues
to increase (part b of Figure 2A) which is expected as
the crystallinity of the ZnO increases with temperature.
However, from 300°C to 500°C, the intensity decreases.
Clearly, the crystallinity of the ZnO will continue to im-
prove at above 300°C, but point defects in the form of
oxygen and zinc vacancies will also form as the anneal-
ing temperature is increased [27,30,33,38]. Several works
have been undertaken to analyze the kinetics of point
defects in ZnO as a function of temperature [15,42-45],
with zinc vacancies being proposed to have the lowest
formation energy in n-type ZnO [43].
To distinguish between zinc vacancies and oxygen
vacancies, we study the difference in PL spectra between
air-annealed and Zn-annealed samples. From 400°C to500°C, there is a sharp decrease in PL UV peak intensity
indicating a strong increase in defect density. At 500°C,
the higher intensity of the PL UV peak for the
Zn-annealed sample compared to the air-annealed sample
(reproduced for several samples) indicates that there is
filling of zinc vacancies. Since there is little difference
between the data sets at 400°C, this confirms that the kin-
etics for Zn in-diffusion is rapid enough only above this
temperature [27,28]. Whether, upon Zn ingress into ZnO,
zinc vacancies are filled or Zn interstitial concentration is
increased depends on the starting cation stoichoimetry of
the sample [16]. We deduce that the electrodeposited
samples here are Zn deficient to begin with, which con-
curs with the oxidizing nature of the growth environ-
ment [15].
Photoluminescence visible band
Specific energies of emission within the visible band
have been ascribed to a variety of defects in ZnO at dif-
ferent energies. However, there is no generally accepted
consensus about specific defect-energy relations [16,30].
After annealing from the growth temperature to 200°C,
for both air and Zn-annealing atmospheres, there is a
decrease in the visible band integrated intensity (Figure 2B).
This is a result of the Zn(OH)2 decomposition to ZnO,
consistent with part b of Figure 2A and with previous find-
ings [30,37,38]. On the other hand, from 200°C to 300°C,
the intensity increases (part c of Figure 2B) indicating an in-
crease in point defect concentration. From 300°C to 400°C,
the intensity increases for both air- and zinc-annealed sam-
ples, but a considerably higher intensity results for the air-
annealed sample indicating that Zn vacancies contribute to
the band. At 500°C, the air-annealed sample intensity
increases further, but the Zn-annealed sample intensity
decreases. These trends indicate that for the air-annealed
sample, both oxygen vacancy and Zn vacancy concentra-
tions increase with temperature, but that for the Zn
annealed sample, while the oxygen vacancy concentration
increases, above 400°C the Zn vacancy concentration
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Figure 2 PL data. Panel (A): (a) PL UV-peak of nanorods annealed at different temperatures in a Zn-rich atmosphere, (b) UV-peak intensity as a
function of annealing temperature for samples annealed in a Zn-rich atmosphere and air, (c) Infrared spectroscopy of ZnO nanorod arrays as a
function of temperature. Panel (B): (a) and (b) PL visible band of nanorods annealed at different temperatures in a Zn-rich atmosphere and air,
respectively, and (c) area under PL visible band as a function of annealing temperature for samples annealed in a Zn-rich atmosphere and air.
Defect evolution trends are indicated by a red arrow for annealing in Zn atmosphere and by a blue arrow for annealing in air. UN indicates
un-annealed.
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Figure 3 Resistivity of the nanorods and J-V responses of the devices. (a) Resistivity versus temperature plot of nanorods annealed in air. (b)
J-V responses of the devices as a function of annealing temperature of the ZnO. Annealing was undertaken in air.
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for the UV peak at 500°C where the air-annealed and Zn-
annealed points diverge (part b of Figure 2A).
As mentioned previously, more than one defect is
responsible for the visible band emission [30,33-36,46].
Indeed, this is why a band is observed rather than a
single peak. The intensities of the bands for the air-
and Zn-annealed samples (parts a and b of Figure 2B)
were compared to determine which defect emission
contributed to which wavelength region within the
bands. Firstly, it is observed that at 400°C and above, the
shapes and intensities of the bands differ more from one
another compared to the lower temperature data. For the
Zn-annealed sample (part a of Figure 2B), the longer
emission wavelength (at approximately 630 nm) decreased
in intensity on going from 400°C to 500°C, which indicates
that the 630-nm emission arises from Zn vacancies.
Hence, as the kinetics for Zn ingress into the sample is
enhanced by increasing the temperature, more Zn vacan-
cies are filled; thus, the defect concentration decreases
and the peak intensity decreases. For the air-annealed
sample, the intensity of the 630-nm emission does not
show the same marked decrease in intensity from 400°C
to 500°C (part b of Figure 2B) because excess Zn is not
available in the annealing atmosphere to fill the vacancies.Table 1 Photovoltaic cell performances obtained for ITO/ZnO
annealed in air at different temperatures
Annealing temperature of ZnO array (°C) Open-circuit voltage (V) Sh
As-deposited 0.04 5.6
100 0.02 6.2
200 0.14 6.7
300 0.45 7.2
400 0.46 7.2
The ZnO nanorod arrays were annealed to different temperatures before cell fabricAscribing the 630-nm emission to zinc vacancies is in
agreement with [47] although other reports quote other
energies for emissions resulting from zinc vacancies [30].
Elucidation of the origin of the 530-nm emission is
made, again, by observing emission intensity differences
for the different annealing atmospheres on going from
400°C to 500°C. We observe that the intensity increases
steadily both for the Zn-annealed (part a of Figure 2B)
and air-annealed (part b of Figure 2B) samples, indica-
ting that this emission arises from oxygen vacancies
which increase in concentration with temperature, in
agreement with [29] and [48].
Nanorod resistivities
The resistivities averaged for several nanorods on ITO after
air annealing are shown in Figure 3a. The inset of Figure 3a
shows an image of a micron-sized nanoprobe contacting to
a single nanorod among the array of nanorods. The lowest
resistivity among the samples is at 300°C which is coinci-
dent with the highest UV peak intensity. The trend is as
expected since increasing the concentration of electron-
donating oxygen vacancies and improving crystallinity with
temperature leads to a reduction in ZnO resistivity [27,49].
The higher resistivities for the 400°C and 500°C samples
concur with the sharply decreased UV peak intensity/P3HT:PCBM/Ag devices containing ZnO nanorods
ort-circuit current density (mA cm−2) Fill factor (%) Efficiency (%)
0 24.76 0.06
5 24.53 0.04
2 28.20 0.27
8 40.96 1.34
6 39.42 1.32
ation.
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trations causing more carrier scattering [50].
Photovoltaic measurements on bulk heterojunction cells
incorporating ZnO nanorods
Cross-sectional images of the hybrid cells are shown in
Figure 1d,e, and the typical current density-voltage (J-V)
response under an AM 1.5 G solar simulator for cells
annealed up to 400°C is shown in Figure 3b. Data for cells
annealed at 500°C are not included since there was a wide
spread in the data from one sample to another consistent
with significant ITO degradation at this temperature
[51-54]. Zn-annealed nanorods were not studied in the cells
as they give different defect concentrations only at 400°C
and above, and at these temperatures, the problems of ITO
degradation mean that any benefits of lower zinc vacancy
concentration are outweighed by increased device proces-
sing complexity and higher cell resistivity.
For the un-annealed and 100°C annealed samples, a
linear J-V curve was obtained showing little rectification. A
considerably better response was observed for arrays
annealed at 200°C and above when the Zn(OH)2 layer had
fully decomposed (part c of Figure 2A). The presence of Zn
(OH)2 prevents the formation of a clean interface between
hydrophobic P3HT:PCBM and the ZnO, thus stopping
efficient charge separation from taking place. The Zn(OH)2
is also likely to be acting as a recombination region and
possible resistive barrier layer [26].
At above 200°C, the crystallinity of the ZnO increases
sharply (parts a and b of Figure 2A) as the surface hy-
droxide layer has already vanished. Hence, the cell per-
formance improves as expected. By 300°C (where the
UV peak intensity is at a maximum and the average
nanorod resistivity is at a minimum (Figure 3a)), the
short-circuit current density (Jsc) and open-circuit volt-
age (Voc) values peak (Figure 3b and Table 1).
The 400°C sample shows a surprisingly very similar
(and reproducible) J-V curve to the 300°C sample. Con-
sidering the different defect landscapes between these
samples (Figure 2) and the different nanorod (+ITO) re-
sistivity values (Figure 3a), it is surprising that the J-V
curves and the Jsc and Voc values are so similar. As far as
the influence of the defects present in the ZnO nanorods
on cell performance goes, the results indicate that even
low temperature-annealed ZnO has sufficient quality to
extract carriers away sufficiently rapidly from the cells,
i.e., that the precise defect structure within the ZnO rods
is not critical to cell performance. This finding indicates
that even in far from optimally crystalline ZnO, the
mobilities of the carriers in the ZnO are still far in ex-
cess of those in the blend [9,55-60].
On the other hand, the surface defect structure and
composition of the ZnO nanorods is critical to cell per-
formance as seen from the 200°C cell performance whichis much worse than the 300°C and 400°C samples. For
200°C annealing and below, the ZnO formed at the sur-
face of the ZnO nanorods from the decomposed
Zn(OH)2 will be of compromised crystallinity. Also, the
defects (such as zinc vacancies left behind upon OH de-
sorption [61]) will be located near the nanorod surfaces
and, hence, will give rise to surface trap states [8,62].
Conclusions
In summary, we have presented a systematic PL study of
defects present in electrodeposited ZnO as a function of
annealing treatment, both in air and in Zn-rich anneal-
ing atmospheres. The relative influences of oxygen and
Zn vacancies and Zn(OH)2 decomposition on different
regions of the PL spectrum were clearly elucidated. We
have confirmed that the emission wavelengths for the
two main defects which make up the visible band are as
follows: the oxygen vacancy emission wavelength at ap-
proximately 530 nm and the zinc vacancy emission
wavelength at approximately 630 nm.
The impact of the different defect landscapes in the
ZnO nanorods on the performance of ITO/ZnO/P3HT:
PCBM/Ag photovoltaic devices was shown to be min-
imal. On the other hand, the presence of Zn(OH)2 on
the surfaces of nanorods and its decomposition products
are detrimental to photovoltaic performance. Hence, fu-
ture studies on low cost, chemical solution-grown ZnO/
bulk heterojunction solar cells should focus on enhan-
cing cell performance through improving the ZnO sur-
face quality.
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